Models of formation of basaltic crust at mid-ocean ridges by adiabatic upwelling of fertile mantle lherzolite require knowledge of phase relations and phase compositions during melting at appropriate pressures. Spinel þ plagioclase lherzolites are found among peridotite samples from the ocean floor and ophiolitic exposures. At low pressure (5 1·2 GPa) the five-phase assemblage (olivine þ orthopyroxene þ clinopyroxene þ plagioclase þ spinel) is present at the anhydrous lherzolite solidus. New experimental data on mineral and melt compositions, at 0·75 GPa and 1140^12608C in the (Cr þ Na þ Fe þ Ca þ Mg þ Al þ Si) system, demonstrate smooth covariant relationships between oxides for melt compositions and in partition relationships both between mineral pairs and between minerals and melts. Molecular normative projections demonstrate that liquids on the five-phase þ liquid cotectic occupy a narrow compositional range. Of the mineral solid solutions that control the liquid composition, the [Ca/(Ca þ Na)] or anorthite/ albite content of the plagioclase is dominant and liquids vary from silica undersaturated and nepheline-normative at the sodic (oligoclase) end to orthopyroxene and quartz-normative at the calcic (anorthite) end of the cotectic. Spinel (Cr^Al) solid solution has limited variation on the five-phase þ liquid cotectic. It is very Cr-rich at the sodic end and has limited compositional variation from $50 to 20 in Cr/(Cr þAl) at the anorthitic end. With fixed plagioclase composition on the cotectic, melt compositions show small compositional shifts with Fe^Mg (at Mg# between 85 and 95) and with Cr/(Cr þAl). The compositional vectors are consistent with effects observed in the end-member simple systems (FCMAS) and (CrCMAS). In comparing liquids at the anorthite end of the five-phase þ liquid cotectic with those on the Cr-free CMAS four-phase þ liquid cotectic at 0·75 GPa, it is evident that the presence of Al-rich Cr^Al spinel shifts liquid compositions to more silica-rich and silica-oversaturated composition. These experimentally defined melt compositions in equilibrium with plagioclase þ spinel lherzolite are unlike quenched glasses from mid-ocean ridge settings. The data do not support models of mantle upwelling at low potential temperature (12808C) that produces low melt fractions at low pressures, leaving residual plagioclase þ spinel lherzolite. The detailed mineral compositional data at the solidus provide a template for comparison with natural plagioclase þ spinel lherzolites refertilized by porous reactive flow.
Models of formation of basaltic crust at mid-ocean ridges by adiabatic upwelling of fertile mantle lherzolite require knowledge of phase relations and phase compositions during melting at appropriate pressures. Spinel þ plagioclase lherzolites are found among peridotite samples from the ocean floor and ophiolitic exposures. At low pressure (5 1·2 GPa) the five-phase assemblage (olivine þ orthopyroxene þ clinopyroxene þ plagioclase þ spinel) is present at the anhydrous lherzolite solidus. New experimental data on mineral and melt compositions, at 0·75 GPa and 1140^12608C in the (Cr þ Na þ Fe þ Ca þ Mg þ Al þ Si) system, demonstrate smooth covariant relationships between oxides for melt compositions and in partition relationships both between mineral pairs and between minerals and melts. Molecular normative projections demonstrate that liquids on the five-phase þ liquid cotectic occupy a narrow compositional range. Of the mineral solid solutions that control the liquid composition, the [Ca/(Ca þ Na)] or anorthite/ albite content of the plagioclase is dominant and liquids vary from silica undersaturated and nepheline-normative at the sodic (oligoclase) end to orthopyroxene and quartz-normative at the calcic (anorthite) end of the cotectic. Spinel (Cr^Al) solid solution has limited variation on the five-phase þ liquid cotectic. It is very Cr-rich at the sodic end and has limited compositional variation from $50 to 20 in Cr/(Cr þAl) at the anorthitic end. With fixed plagioclase composition on the cotectic, melt compositions show small compositional shifts with Fe^Mg (at Mg# between 85 and 95) and with Cr/(Cr þAl). The compositional vectors are consistent with effects observed in the end-member simple systems (FCMAS) and (CrCMAS). In comparing liquids at the anorthite end of the five-phase þ liquid cotectic with those on the Cr-free CMAS four-phase þ liquid cotectic at 0·75 GPa, it is evident that the presence of Al-rich Cr^Al spinel shifts liquid compositions to more silica-rich and silica-oversaturated composition. These experimentally defined melt compositions in equilibrium with plagioclase þ spinel lherzolite are unlike quenched glasses from mid-ocean ridge settings. The data do not support models of mantle upwelling at low potential temperature (12808C) that produces low melt fractions at low pressures, leaving residual plagioclase þ spinel lherzolite. The detailed mineral compositional data at the solidus provide a template for comparison with natural plagioclase þ spinel lherzolites refertilized by porous reactive flow.
near-solidus temperatures, from plagioclase þ spinel lherzolites. In widely used models of melt extraction and lithosphere formation at mid-ocean ridges (MORs), asthenospheric mantle of lherzolite composition [Primitive Modern Mantle (PMM) or MOR Pyrolite] is conceived as passively upwelling in response to lithospheric plate stretching and rupture (McKenzie & Bickle, 1988) . If the broad-scale upwelling approaches adiabatic conditions, then the upwelling lherzolite will cross the anhydrous solidus of (C þ H)-free lherzolite or pass from the incipient melting regime [small liquid fraction controlled by (C þ H) concentration, i.e. CO 3 2^a nd OH^solubility] into the major melting regime of lherzolite þ (C, H, O) (Green & Falloon, 1998) . The experimentally determined solidi of volatile-free lherzolite compositions exhibit a change in slope (increase of dT/dP) at pressures from 0·7 to 1·3 GPa where plagioclase disappears from the solidus mineral assemblage (Green & Falloon, 1998) . The role of this 'cusp' on the solidus as a controlling feature in localizing mantle melting has been debated (Presnall & Hoover, 1987; Asimow et al., 2001; Presnall et al., 2002) and used in modelling of upwelling to argue for relatively low mantle potential temperatures beneath mid-ocean ridges (McKenzie & Bickle, 1988; Presnall et al., 2002) .
Estimates of upper mantle composition concur at lherzolite with 3^4% CaO and 3^4% Al 2 O 3 (Hart & Zindler, 1986; Green & Falloon, 1998) . Using natural or normative mineral compositions and mixing calculations, it can be shown that such compositions have $10% modal plagioclase at low-pressure and high-temperature conditions. Extraction of 510^12% melt fractions, whether by batch or fractional melting processes, will leave depleted lherzolite compositions including residual plagioclase at low pressure. Some geophysical models of mid-ocean ridge upwelling relate ocean crust thickness to mantle potential temperature and suggest average melt depletion by 5^7% melting in the mantle column beneath normal oceanic crust of 510 km thickness (McKenzie & Bickle, 1988) . If fertile lherzolite compositions are preserved to shallow depths in upwelling mantle, particularly at mantle potential temperatures of 513008C, then the residual lherzolite mineralogy from single-stage melting at depths 530 km will include plagioclase.
Detailed studies of recent and fossil spreading ridge settings, including field, petrographical and geochemical observations, have led some workers (Stakes et al., 1984; Chalot-Prat, 2005) to infer a shallow depth of melt segregation from upwelling residual mantle. Sets of small volcanoes formed at the ridge axis show eruption of both parental magmas, interpreted as partial melts of a depleted asthenospheric mantle, and differentiates of such magmas. Rapid alternation between the two magma types suggests that each volcanic centre is related to a frequently fed small reservoir close to a rather shallow mantle source. In addition, the inference of close coupling between mechanical extension characteristics (spreading rates, lithospheric mantle exhumation and related distribution of magma conduits at the axial zone) and eruptive process (magma emplacement and volcano formation at the axial zone) also suggests shallow rather than deep levels of mantle upwelling and magma separation.
Natural occurrences of plagioclase lherzolite have been reviewed by Piccardo et al. (2007, and references therein) , Mu« ntener et al. (2010) and Borghini et al. (2010) . These studies have advocated the production of plagioclase lherzolite in the uppermost lithosphere by invasive percolation of basaltic melt into pre-existing high-temperature residual peridotite. Piccardo et al. (2007) and Mu« ntener et al. (2010) described examples of melt^rock reaction or 'refertilization' and considered that magma storage in the uppermost mantle in this way is a major process at magma-poor rifted margins and at magma-starved mid-ocean ridge segments. Borghini et al. (2010) emphasized two origins for natural plagioclase lherzolites; that is, either by metamorphic recrystallization during decompression of spinel lherzolite at low pressure and high temperature, or by basaltic melt impregnation into hightemperature residual peridotite at low pressure and consequent reaction and crystallization. In these interpretations, the role of melting of plagioclase lherzolite has relevance to understanding the chemical evolution of a basaltic melt permeating and reacting with lherzolite that includes the five-phase mineralogy [olivine (Ol) þ enstatite (Opx) þ diopside (Cpx) þ plagioclase (Plag) þ spinel (Sp)]. Van Den Bleeken et al. (2010) have recently investigated the reactive porous flow concept by experimentally passing basaltic melts through residual spinel lherzolite layers at 0·8 GPa. In choosing a pressure of 0·8 GPa for their study, those researchers aimed to simulate conditions within the transition zone or thermal boundary layer between near-adiabatic upwelling mantle during lithospheric thinning and the thermal conductive regime of the thinned lithosphere. The experiments demonstrated melt^residue interaction and chemical evolution of both lherzolite and melt compositions, commonly with mineral zoning, except at the highest temperatures and melt fractions. A few of their runs contained the five-phase plagioclase þ spinel lherzolite assemblage and demonstrated a role for this mineral assemblage in controlling the composition of melts at near-solidus conditions. The present investigation complements the work of Van Den Bleeken et al. (2010) by determining the compositions of equilibrium liquids at the P,T conditions of interest.
A further motivation for this study is a contribution towards the growing experimental database on coexisting melt and mineral compositions at high pressures.
These data are the necessary inputs and/or tests for the calculation of numerical or thermodynamic models of melting at various pressures (Asimow et al., 2001; Ghiorso et al., 2002) . By designing an experimental study that at a fixed pressure provides the compositions of the melt and all coexisting phases (all of which are solid solutions) in equilibrium at appropriate temperatures, it is possible to evaluate and if necessary modify such melting models.
With these diverse objectives in mind, we have chosen to determine liquid (Liq) compositions in equilibrium, at a pressure of 0·75 GPa, with five residual phases By the experimental determination of mineral and liquid compositions on the six-phase saturation surface, as functions of pressure and temperature, a dataset is obtained from which numerical melting models in the plagioclase þ spinel lherzolite field can be constructed. In addition, the melt and mineral composition data at known pressure and temperature provide a basis for interpretation of natural plagioclase þ spinel lherzolites and mantle-derived basaltic liquids. These comparisons and interpretations apply to the Ca-rich part of the experimental series. The extension beyond the range of natural lherzolite compositions into Na-rich compositions aids the extraction of data for different solid solutions.
E X P E R I M E N TA L M E T H O D S Experimental assemblies
All experiments used either 1·27 cm or 1·6 cm diameter, end-loaded piston-cylinder apparatus at the Research School of Earth Sciences (The Australian National University). Standard NaCl^Pyrex assemblies had graphite heaters and type B Pt^Rh thermocouples. Because of the NaCl^Pyrex assemblies and long run times, no pressure corrections were applied and sample pressure was equated with measured load pressure. Two types of capsule were used successfully ( Fig. 1a and b) . Initially we used olivine capsules sealed within platinum to avoid iron loss and maintain olivine saturation (Fig. 1a) . However, some anomalous results and observation of large cavities within the olivine capsule suggested that the olivine container was sufficiently strong to maintain a low internal pressure in some experiments. Data from three experiments in olivine capsules are included in our final selection. In these experiments, no temperature correction is applied as both thermocouple and the small sample capsule are within the 'hotspot' of the sample assembly.
To avoid Fe-loss problems we used large Au 25 Pd 75 containers containing three small-diameter Au 25 Pd 75 capsules, each with a different mix (Fig. 1b) . The inner capsules were surrounded by an Fe-enriched hydrous basanite melt that was close to or above its liquidus and in which the liquidus phases were olivine and/or magnetite. The iron-rich external melt effectively 'saturated' the Fe content of the inner capsule walls and ensured that little or no Fe loss or gain was experienced by the charge within the inner capsules, maintaining the Mg# of olivine in the inner capsules very close to the desired value. Temperatures were controlled to AE18C of the set point. Prior calibration of the sample assembly using multiple thermocouples gave a temperature correction of þ208C between thermocouple and sample.
An advantage of the three-capsule method is that we have three different bulk compositions at exactly the same P,T. Differences in phase assemblages and glass or mineral compositions between the three bulk compositions must reflect compositional control on phase assemblages and not differences in P,T. The use of a thick-walled AuPd outer capsule and the volume ($50 mg) of basanite melt around the three capsules acts to homogenize temperature throughout the 1^1·5 mm length of the charge. The absence of a significant thermocouple gradient in the sample is also supported by the homogeneity of the liquid and phase compositions over the length of the charge. A disadvantage of the three-capsule method is that the thermocouple is at greater separation from the sample than in normal single-capsule set-ups. Although calibration runs on thermal gradients within the pressure cell allow us to make a correction of þ208C, we do not consider run temperature measurement to be better than AE 208C.
Experimental charges were mounted within their olivine or AuPd capsules, sectioned longitudinally and polished for examination by reflected light and scanning electron microscopy (JEOL 6400 SEM). Typical run products are illustrated in Fig. 2 .
Analytical methods
Phase compositions were determined by energy dispersive X-ray analysis (EDS) using a JEOL 6400 SEM, accelerating voltage of 15 kV, specimen current of 1 nA, and analysis time of 100 s. A recent comparison of data obtained on the same instrument and with the same analytical conditions and calibrations with data obtained by wavelengthdispersive spectrometry using an electron microprobe (Spandler et al., 2010) demonstrated the satisfactory quality of the methods. Selection of acceptable analyses was based on totals from 97·5 to 102% and, more importantly, on satisfactory stoichiometry of olivine, plagioclase, pyroxenes or spinel.
The very small size of spinel in some experiments yielded analyses with41% SiO 2 and corresponding anomalous concentrations of CaO and Na 2 O. Such spinels were Fig. 1 . High-pressure cell assemblies used in experiments at 0·75 GPa. (a) Single-capsule assembly using olivine container sealed in platinum tube; 1, 12·7 mm NaCl sleeve; 2, Pyrex; 3, graphite heater; 4, MgO; 5, type 'B' thermocouple in two-bore mullite tube; 6, olivine powder; 7, 2·3 mm Pt capsule; 8, 1·8 mm olivine capsule; 9, sample. (b) Three AuPd capsules within 5 mm diameter AuPd tube containing olivine basanite þ fayalite mixture; 1, 15·875 mm NaCl sleeve; 2^6 and 9, same as in (a); 7, AuPd 5 mm capsule; 8, two of three AuPd 1·6 mm capsules.
by guest on October 21, 2010 petrology.oxfordjournals.org Downloaded from included in glass or more rarely in plagioclase or orthopyroxene. The analysis was then corrected by subtraction of the appropriate phase composition to reduce SiO 2 and CaO to zero. These corrected analyses were judged as acceptable or otherwise on the basis of spinel stoichiometry.
In some cases, plagioclase laths were small or thin plates with analysed MgO and FeO contents greater than 0·35 and 0·4% respectively. In these cases the 'best' analysis was selected on the basis of stoichiometry and low MgO and FeO. Although olivine, orthopyroxene and plagioclase were generally large enough for consistent analyses (we aimed for five independent grain analyses), clinopyroxene characteristically formed abundant small euhedra. Where analyses of clinopyroxene showed a range of CaO contents we selected those with the highest CaO, recognizing the tendency in both experiments and natural rocks for subcalcic clinopyroxenes to appear with rapid growth or cooling. At 0·75 GPa in L21 and K89 we observed low-Ca clinopyroxene, which may be pigeonite, in addition to orthopyroxene and calcic clinopyroxene. The possible role of pigeonite was not explored further.
Glass compositions were analysed using 15 kV accelerating voltage and 1 nA beam current. There was no observable loss of Na between 'spot' and 'area scan' analyses of glass in the most calcic glasses (!An 80 plagioclase). In the Na-rich glasses, count-rates for Na radiation clearly decreased with time using spot mode of analysis. For intermediate and sodic glasses, 'area scan' analyses, usually of !10 mm Â12 mm areas, were obtained and spot analyses were not incorporated in the database. In Fig. 2 we illustrate (SEM images) typical experiments, and in Fig. 3 we plot single glass analyses. The homogeneity of glass composition in all oxides is summarized and most effectively illustrated in molecular normative projections (the basalt tetrahedron; Falloon et al., 1988) where the small scatter of glass data (Fig. 3) provides the basis for confidence in both the experimental and analytical methods.
Selection of experimental compositions
Previous experimental studies of melting of peridotite demonstrated modification of liquid compositions during quenching to glass by in-growth of thin quench rims on residual pyroxenes and olivine (Jaques & Green, 1980; Van Den Bleeken et al., 2010) . This problem is avoided in our experiments by obtaining experimental products with a high proportion, or large pools, of glass (450 mm). In addition, during electron beam micro-analysis of charges, it is necessary to confirm contact and continuity between liquid and all five phases. In seeking melt compositions on a multiphase melt saturation surface, minerals may be in reaction with melt over short temperature intervals. It is thus possible to obtain charges in which melt compositions in some areas of a layered charge lie on the Opx þ Cpx þ Plag þ Sp saturation surface (i.e. olivine absent) whereas olivine is present at the ends of the capsule and is armoured and separated from glass by Opx or Opx þ Cpx. The compositions of such liquids are anomalous with respect to the five-phase þ Liq dataset and are not included in our target compositions. However, the loss of one phase provides information on the trends of liquid composition diverging from particular compositions on the five-phase þ Liq cotectic onto a related fourphase þ Liq cotectic. Recognizing these complexities in the experiments, our selection of compositions and loading of capsules evolved to meet the objectives of ensuring large melt fractions and contact of melt with all five crystalline phases.
All experimental compositions were prepared as sintered oxide mixes rather than from crushed mineral mixes to avoid problems of mineral zoning or metastable persistence. Two sets of compositions, the L-series and R-series, were prepared from high-purity oxides or carbonates (Na, Ca) thoroughly mixed and sintered at 10508C ( To maintain similarity to natural basalt and peridotite compositions by including a Ti-solid solution component, but to avoid saturating melts with a titanium-rich phase such as ilmenite or titanomagnetite, 0·5 wt % TiO 2 was also added to the mix. The L-series were compositions of liquids previously inferred to be saturated with four or five phases, including plagioclase, at 0·7 or 1GPa; that is, L1çliquid from Walter & Presnall (1994) at 0·7 GPa, 12858C (An 100 ), CMAS; L2çliquid from Walter & Presnall (1994) at 0·7 GPa, 12258C (An 58 ), NCMAS; L3çliquid fromT. J. Falloon et al. (unpublished data) at 1GPa, 12208C (An 22 ); L4çliquid from Falloon et al. (1997) 
Liquid series
Residues I or II are a mix of refractory mineral phases 
L5çliquid from experiment K89 (this study), 0·75 GPa, 11808C; L6çliquid from experiment K98 (this study), 0·75 GPa, 12208C; L7çliquid from experiment L21 (this study), 0·75 GPa, 12308C; L7açliquid L7 þ20% olivine Fo 90 .
In addition, all L-series compositions contained 1·0% TiO 2 and 0·4% Cr 2 O 3 to maintain compositions resembling natural phase assemblages. Initially, layered experiments using selected R and L compositions were run in single-capsule runs with the expectation that the selected P,T would yield charges with a glass-rich end and a crystal-rich (five-phases þ Liq) assemblage at the R-series end of the capsule. Very few experiments (K89, K98; Table 2 ) were successful in yielding charges with all five residual phases þ Liq with the latter penetrating among all residual phases. Most samples were glass-rich with spinel and one or more other phases at one end and crystal-rich at the opposite end with gradients in mineral assemblage; for example, lacking olivine close to the glass layer and lacking plagioclase and/or clinopyroxene where olivine occurred.
Some success was achieved by layered experiments with an L-series composition and a mixed (L þ R) composition as the two layers (L21; Table 2), always in single-capsule runs (olivine or AuPd capsules; see Fig. 1 ). However, frequent absence of one or more phases (commonly plagioclase or olivine) from the glass-rich part of the charge (i.e. that part where liquid could be analysed without concern about quench growth of crystals or electron 
Capsule type: Au/Pd-1, single capsule in one experiment; Au/Pd-3, three capsules in one experiment; Ol/Pt, one olivine capsule in one platinum capsule in one experiment. Initial sample composition: mixed indicates that liquid and residue starting mixes are thoroughly mixed before introduction into the capsule; layered indicates that liquid and residue starting mixes are added sequentially into the capsule. Abbreviations: Plag, plagioclase; Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Sp, spinel. AnPlag, anorthite content of the analysed plagioclase after the experiment. T (8C), in the case of Au/Pd-3 capsule experiments, 208C has been added to the nominal temperature.
beam overlap) meant uncertainty in demonstrating saturation by all phases. For the most sodic compositions (L43, K99; Table 2 ), enstatite only (in addition to L4) replaced R compositions in layered experiments Finally, most success was achieved by a 'three-capsules in one large capsule' method (3^1 cps; Fig. 1 ) in which San Carlos olivine (Fo 89^90 ) was added at both ends of each inner capsule and the reactant mixture of mixed L þ R compositions located as the central layer of the charge (Table 2) . By varying both proportions and compositions of L and R, small differences on bulk composition were achieved such that at a given P,T, we might expect to straddle the four-phase þ Liq to five-phase þ Liq transition.
Because of the method of varying bulk composition by mixing different proportions of the L-and R-series composition and by variable amounts of olivine, there is no attempt to use mass balance (six phases) to estimate phase proportions. Bulk compositions of each experimental run can be estimated from the weighing in of the mixed and olivine layers but weighing errors become significant. The variation of bulk compositions was an empirical means to obtain charges with small differences in bulk composition and with two or three of the 3-in-1 capsules containing the desired phase assemblage at the same P and T. The method differs from the common practice in peridotite melting studies in which the phase relations and melt compositions are explored for one or more selected lherzolite compositions.
The objective was to find glass-rich, well-crystallized five-phase þ Liq assemblages in which all phases can be analysed, and continuity and constancy of liquid (glass) composition demonstrated, in contact with all phases. The method actually follows that of classical experimental petrology by varying compositions to map liquidus phase fields and cotectic relationships, seeking to define a six-phase field in 'natural' magma composition space.
L I N K S TO P R E V I O U S ST U D I E S
In previous studies of lherzolite melting at mantle pressures there are few determinations of liquid compositions in equilibrium with five crystalline phases. Also, plagioclase is typically present only at or below the estimated solidus temperature. These studies provide a helpful starting point for estimating the liquid compositions of interest.
An alternative and complementary route to understanding peridotite melting behaviour is the investigation of chemical subsystems of increasing complexity. The present study builds on the work of Presnall et al. (1979) on the system CaO^MgO^Al 2 O 3^S iO 2 (CMAS) defining the composition of liquid in the five-phase univariant assemblage Fo þ En þ Di þ An þ Liq at pressures where spinel is absent.
The additional components Na 2 O (NCMAS) and FeO (FCMAS) have been studied by Walter & Presnall (1994) and Gudfinnsson & Presnall (2000) . These components do not introduce an additional phase. They define vectors in compositional plots and projections illustrating the movement of a phase boundary attributable to the particular substitutions (Na^Ca, Fe^Mg). Therefore they add a further degree of variance; that is, the Fo þ En þ Di þ An þ Liq assemblage becomes divariant in P,T space, and univariant at a fixed pressure in each of these systems.
The addition of Cr 2 O 3 to CMAS adds an additional phase (Cr^Al Sp) provided that the amount of Cr 2 O 3 added is greater than can be accommodated in pyroxene solid solutions. The Fo þ En þ Di þ An þ Cr^AlSp þ Liq assemblage is univariant in CMASCr. Liu & O'Neill (2004) investigated the assemblage Fo þ En þ Di þ Sp þ Liq in this system at a fixed pressure (1·1GPa) over a range of Cr 2 O 3 contents (i.e. spinel compositions).
Because Fo þ En þ Di þ An þ Sp þ Liq is invariant in the CMAS system, any bulk composition close to the invariant point will pass from above liquidus to sub-solidus over a very small temperature interval. By adding components that enter the mineral solid solutions, the fivephase þ Liq assemblage is no longer invariant and the melting interval is extended. Nevertheless, the choice of bulk compositions close to the five-phase þ Liq field means that large increases in degree of crystallization may be expected over small temperature intervals. Thus the use of three compositions differing principally in their Na/Ca ratio, at a particular P and T, is an attempt to improve the probability of having five phases þ Liq present in at least one charge.
We present data from experiments where the proportion of glass to crystals is high and in the case of layered experiments, glass is well connected from glass-rich to crystal-rich ends.
E X P E R I M E N TA L R E S U LT S
The experimental data on melt and coexisting minerals at 0·75 GPa are presented in Table 3 and plotted in Figs 4^16. In these figures, data points are identified as 'five phases þ Liq' (filled symbols), 'Ol-absent' (open symbols), Cpx-absent (asterisk) and by symbol type indicating the experimental temperature. This presentation illustrates the compositional variance of melts and minerals, all of which have the 'five phases þ Liq' assemblage at the same temperature.
Conceptually, the data illustrate how liquids may vary in composition along an isotherm in chemically heterogeneous lherzolite in which the same mineral phases are present but local bulk compositions differ. Melt and mineral compositions are constrained by complex continuous reactions among the coexisting phases. (1) 0·18 (7) 0·09 (7) 7·6 (4) (2) 52 (5) 20 (2) 7 (1) 0·06 (8) 21(2) 84·9 2 0 ·2 Gl A(10) 52·6 (7) 1 (1) 17·6 (4) 0·1 (1) 4·1 (2) 10·0 (5) 
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Glass compositions
Glass compositions correlate with temperature ( Fig. 4) and show very good correlations among particular oxide pairs and ratios (Fig. 5) 
Olivine
Olivine compositions vary from Mg# 90 to Mg# 95 , with the compositions determined by the bulk composition and extent of melting within the charge. Within the Ca-rich melts, the olivines consistently have $0·3% CaO, matching the values of olivine phenocrysts in basaltic magmas of tholeiitic and alkali olivine basalt character. As we have not used optimal electron beam and analytical parameters to analyse for nickel, we have not attached any significance to the variability of NiO contents reported in Table 3 .
Orthopyroxene
In addition to Mg# variability, which parallels that in coexisting olivine, orthopyroxenes show variation in the Tschermak's silicate component [i.e. (2-Si or IV Al) in structural formulae] and in Cr content, assumed to enter orthopyroxene as CaCrAlSiO 6 or (MgFe)CrAlSiO 6 . Excellent positive correlations exist between the Cr# of orthopyroxene, coexisting clinopyroxene and spinel (Fig. 6a) . Correlations between Cr 2 O 3 and Na 2 O contents of both orthopyroxene and clinopyroxene are also observed ( Fig. 6e and f) . In the CaO-absent compositions, our data (2) 0·4 (2) 0·3(2) 0·07 (7) 11(1) 0·4 (Fig. 6c) . Marked positive correlations exist between the Cr# and Na contents of pyroxenes ( Fig. 6e and f) and both are negatively correlated with Ca# of coexisting plagioclase (Fig. 6d) . Also,
IV
Al cpx is positively correlated with the Ca# of plagioclase.
Plagioclase
Plagioclase analyses in general demonstrate excellent stoichiometry provided that analysed MgO and FeO contents average 50·5 and 50·4 wt % respectively. A few examples departing from ideal stoichiometry are attributed to interference from enclosing glass. Ca and Na are used to calculate the An content, rather than using Si or Al values in the structural formulae.
Spinel
Spinel proved to be the most difficult mineral to analyse, mainly because of its small grain size. Also, in some experiments, early crystallization of MgAl 2 O 4 -rich spinel and consequential reaction towards Cr-rich spinel led to mantling of MgAl 2 O 4 -rich spinel by plagioclase. In such cases preferred spinel compositions were those in glass or those with maximum (FeMg)Cr 2 O 4 content among the inclusions in plagioclase. For those spinels with initial analysed SiO 2 contents 51·5%, the calculation of spinel stoichiometry indicated low magnetite solid solution, consistent with low fO 2 conditions of $FMQ to FMQ^1 (where FMQ is the fayalite^magnetite^quartz buffer) for our experiments. Cr# sp and An plag correlate negatively (Fig. 6b) . In detail the Cr# sp compositional field in the six-phase assemblage widens as An plag increases. Our data partially define the Cr# sp compositional variations between plagioclase-absent lherzolite and spinel-absent lherzolite fields on the Cr-rich and Na-rich sides respectively. Additional experiments that failed to crystallize plagioclase or spinel, and are thus 'failed' experiments for the purposes of this study, also help to limit the six-phase field. Clinopyroxene is absent in the most sodic compositions. The spinel coexisting with albite in the Ol þ Opx þ Plag þ Sp þ Liq assemblage is the most Cr-rich observed, at Cr 87 . This composition, together with the correlation between Na 2 O and Cr 2 O 3 in orthopyroxene and clinopyroxene noted previously, illustrates reactions such as
Such reactions among solid phases and within the liquid phase emphasize the variance within the natural system.
Links between mineral solid solutions and glass compositions
Within the dataset for the composition of glasses that are multiply saturated (five phases) at 0·75 GPa (Tables 2 and 3) , the dominant correlation is between Ca/ (Ca þ Na) (Ca#) of glass and plagioclase. Temperature varies along the five-phase þ Liq cotectic from 12408C at the calcic end to 11608C at the sodic end. Mineral compositions vary systematically along the trend with correlations between solid solutions in coexisting phases. At the sodic end of the five-phase þ Liq compositional spectrum, the limiting composition of plagioclase is An 18 Ab 82 . For the most sodic compositions (Ab 99^100 ) diopside is absent, and as the plagioclase changes from An 18 Ab 82 to An 0 Ab 100 the CaO content of orthopyroxene composition changes from $2·2% at clinopyroxene saturation to 0% in the Ca-free system.
Ca vs Na partitioning between glass and minerals
The positive correlation between An plag , Ca# liq , and T liq illustrates the dominant role of the plagioclase solid solution in determining the solidus temperature of the spinel þ plagioclase lherzolite assemblage (Figs 4b and 7a) . Excellent positive correlations appear between the Ca# of glass and coexisting Ca-and Na-bearing phases including plag, cpx and opx (Figs 6 and 7) .
Mg^Fe partitioning between glass and minerals
Good positive correlations appear between the Mg# of glass (liquid) and all coexisting ferromagnesian minerals (Fig. 8) . Although for a single composition we expect the Mg# of glass and coexisting minerals to increase with increasing temperature, our approach of changing bulk compositions to locate the six-phase field means that at a given temperature we may have a range of Mg# in both glass and minerals, reflecting the extent of partial melting in different bulk compositions.
Thus our experimental strategy of maximizing the variation in Na/Ca of bulk compositions and maintaining Mg# near 90 means that we do not observe a good correlation between T and Mg# of glass or minerals. For the same reason, and also because of the marked difference in molecular weight between MgO and FeO, we observe only a poor correlation between MgO and FeO in oxide (wt %) plots of the glass compositions (Fig. 5d ).
C O M PA R I S O N S B E T W E E N T H E E X P E R I M E N TA L M I N E R A LĜ L A S S C O R R E L AT I O N S A N D P R E D I C T I V E M O D E L S Crystallization T and Mg# of olivine
Our data for the highest temperature (4 12258C) and most calcic compositions (An plag !80; CaO melt ¼ 8^14%; Fig. 8 . Diagrams illustrating the Fe^Mg partitioning between liquid and olivine, and spinel (a), and between liquid and both orthopyroxene and clinopyroxene (b). Symbols as in Fig. 4 . Fig. 9 . Relationships between experimental temperatures and calculated temperatures using the olivine^liquid Fe^Mg relationship of Herzberg & O'Hara (2002) , showing that only the calcic liquids agree in temperature values (a) whereas there is fairly good agreement between observed and predicted composition for all except the Ca-free compositions (b). Symbols as in Fig. 4 .
MgO melt ¼ 7^11%) are a good fit to the empirical models relating crystallization T and Mg# of olivine (Ford et al. 1983; Herzberg & O'Hara, 2002) (Fig. 9) . The model-predicted T is similar to or, at most, 108C higher than the experimental T. However, the predicted T does not fit the experimental crystallizationTof olivine in intermediate and sodic melts (An plag 55; CaO melt 5%; MgO melt 5%). Indeed, these last data fall outside the range of the database used for calibration by Herzberg & O'Hara (2002) . Also, the predicted olivine Mg# is similar to or higher by 1^2 units than the experimental olivine Mg# in both the calcic and sodic groups. Similar conclusions apply if the models of Ford et al. (1983) or others are used, suggesting that current models of olivine^liquid equilibrium do not adequately address intermediate to sodic liquids.
Crystallization T and An plag
We have compared our experimental data for composition and temperature for plagioclase^glass pairs with the empirically derived model of Ariskin & Barmina (1990) (Fig. 10) . Observed and predicted temperatures are in fairly good agreement for sodic glasses and plagioclase but not for calcic compositions. Conversely, predicted plagioclase compositions are in good agreement with experiments for calcic compositions (An plag !50) but not for sodic compositions. These comparisons suggest that our new experimental data may be useful in modifying existing models of melt^plagioclase equilibrium.
M E LT C O M P O S I T I O N S I N T H E C R N F C M A S S Y S T E M A N D C O M PA R I S O N S W I T H S I M P L E R C M A S , N C M A S A N D F C M A S S Y S T E M S Melt compositions from this study in the CrNFCMAS system
We have demonstrated above the correlations between oxide concentrations and ratios in melts and mineral solid solutions showing that in the 'natural' chemically complex system, the compositions of the multiply saturated melts in plagioclase þ spinel lherzolites have restricted compositions, varying continuously, and are particularly sensitive to the composition of plagioclase. This suggests that the most informative presentation of our data is based on normative mineralogy using the normative components olivine, diopside^hedenbergite, plagioclase and quartz (the CIPW norm).
As normative mineral solid solutions have defined stoichiometry and to avoid the distracting effects of different molecular weights for magnesium and iron end-members, or sodium and calcium end-members of solid solutions, we use a molecular rather than weight per cent expression of the CIPW norm. Our liquid compositions are expressed in molecular proportions of standard mineral end-members rather than as oxide percentages.
Finally, because our liquid compositions vary continuously from silica oversaturated and quartz-normative to silica undersaturated and nepheline-normative, we plot the data within the tetrahedron Olivine (Ol)D iopside^Hedenbergite (Di)^Quartz (Qz)^(Jadeite (Jd) þ Calcium Tschermak's silicate (CaTs) þ Leucite) (JCL), projecting from either the Di or Ol apex onto the opposite face.
The use of the normative projection also facilitates comparison between the cotectic in the CrNFCMAS system and cotectics and phase boundaries in the simpler systems such as CMAS, NCMAS and FCMAS. When projected into the basalt tetrahedron (Figs 3 and  11^15) , the data illustrate liquid compositions on the 'five-phase þ Liq' cotectic between 12408C and 11808C from An 94 to An 18 . At 11608C and An 1 , Di did not crystallize and the liquid composition is on the 'four-phase þ Liq' cotectic. The liquid compositions define a compositional band (see Fig. 11 ) rather than a line. This is due to the respective effects of Ca^Na, Mg^Fe and Cr^Al exchanges at Tdecreasing from 12408 to 11808C.
Comparisons with CMAS, NCMAS, FCMAS experiments at 0·75 GPa
The trend in the complex system (our results) is in agreement with that in the NCMAS system (Walter & Presnall, 1994) and our new data extend to more sodic liquids than previously explored. Also, in the complex system, liquids on the five-phase þ Liq cotectic are displaced towards the Qz apex in the projection from Di relative to the four-phase þ Liq cotectic (spinel absent) defined by the CMAS and NCMAS data. With the addition of Cr 2 O 3 in excess of that which can be accommodated in pyroxene solid solution, we introduce an additional phase, Cr^Al spinel. This additional phase causes a significant shift from the 'four-phase þ Liq' cotectic (spinel absent) in NCMAS to the five-phase þ Liq cotectic in the complex system. The latter cotectic is expected to be applicable to natural rocks in which spinel with a variable Cr# is a characteristic accessory or minor phase.
The experimental data on mineral compositions demonstrate that the major solid solutions are: Na vs Ca in plagioclase, but also observable in pyroxenes; Fe vs Mg in olivine, pyroxenes and spinel, but deliberately restricted by our choice of compositions; and Al vs Cr in pyroxenes and spinel. In attempting to understand relationships between melt compositions and mineral compositions, the effects of these solid solutions are interactive and cumulative. Fig. 11 . Glass compositions fromTable 3 and Figs 3^10, projected into the normative basalt tetrahedron, illustrating the relatively narrow compositional variation of the liquids on the plagioclase lherzolite five-phase þ liq cotectic and their transition from quartz-normative to nepheline-normative compositions (i.e. crossing the Di, Ol, Plag plane). It should be noted that the five-phase þ liq field terminates at the most silica-undersaturated glasses and the bold dashed line links to the Ca-free data points (*) along an Ol þ Opx þ Plag þ Sp þ Liq cotectic with decreasing CaO in orthopyroxene and glass. The light dashed lines are drawn to limit the five-phase þ liq field indicating positions with different Mg# [contour separation (i.e. from olivine of Mg 94 to Mg 89 ) is in the same direction but appears greater than the FCMAS regression of Gudfinnsson & Presnall (2000) ]. Symbols as in Fig. 4 .
In this section we refer to experimental studies that have demonstrated the effects of each substitution on the CMAS six-phase invariant point and use this information to qualitatively interpret the observed shifts in melt composition in the complex composition. Figure 12 illustrates the composition of liquid in equilibrium with forsterite, enstatite, diopside and anorthite (CMAS system) at 0·7^0·75 GPa from three related studies: CMAS (Presnall et al., 1979) , NCMAS (Walter & Presnall, 1994) and FCMAS (Gudfinnsson & Presnall, 2000) . The small differences in the position of the invariant point for CMAS at 0·75 GPa reflect the different regressions derived for the univariant curve in the NCMAS and FCMAS systems. These curves are plotted for An 100 to An 55 in the NCMAS system and for Fo 100 to Fo 90 in the FCMAS system. There is a significantly higher normative diopside content in the position of the invariant point calculated for An 100 , Fo 100 derived from the FCMAS data than that derived from the NCMAS study (illustrated in the projection from olivine, Fig. 12a) . However, the data overlap in the projection from diopside (Fig. 12b) . Each of the projections illustrates the 'vector' of compositional change of liquid from the CMAS point with increasingly sodic plagioclase and increasingly iron-rich olivine. The movement of the Ol þ Opx þ Cpx þ Sp þ Liq univariant boundary at 1·1GPa in the CrCMAS system from Liu & O'Neill (2004) is also plotted, beginning at the CMAS point calculated for this pressure, and moving with increasing Cr#. The new experimental data are examined using the approximation that the compositional 'vector' derived in this study at 1·1GPa is also applicable as a Cr# vector at 0·75 GPa. Fig. 11 with the addition of the CMAS four-phase þ liq invariant points at 0·75 GPa from the regressions of Gudfinnsson & Presnall (2000) in FCMAS (CMAS-Fe) and Walter & Presnall (1994) in NCMAS (CMAS-Na), and the CMAS four-phase þ liq invariant point at 1·1GPa (CMAS-Cr) from Liu & O'Neill (2004) . In each case a vector is drawn from the CMAS invariant point along the four-phase þ liq cotectic with increasing Fe, Na or Cr in olivine, plagioclase or spinel respectively. The vectors show the movement from Fo 100 to Fo 90 in the FCMAS system, An 100 to An 55 in the NCMAS system and Cr 0 to Cr 50 in the CrCMAS system. Comparing the simple systems with the complex system, which must integrate the complementary effects of each of the additional components, it is evident that the dominant effects on melt compositions relative to the CMAS system are the addition of another phase (aluminous and chromian spinel), resulting in significant shift of the four-phase þ liq invariant point in CMAS to the five-phase þ liq cotectic in the complex system, and the dominant role of the plagioclase solid solution in determining the normative compositions and degree of silica undersaturation of liquids in equilibrium with spinel-bearing plagioclase lherzolite. Symbols as in Fig. 4 .
In summary, in comparing the new data with FCMAS, NCMAS and CrCMAS data, the dominant effect of the plagioclase solid solution is confirmed. An additional very significant shift of liquids to more siliceous compositions (higher normative quartz) is attributed to the appearance of an additional phase (chrome^alumina spinel). Indeed, when comparing six-phase assemblages at 0·75 GPa with liquids on the Ol þ Opx þ Cpx þ Plag þ Liq cotectic (spinel-absent in Cr-absent compositions), the latter are less siliceous and plot closer to olivine or hypersthene in the normative tetrahedral plots. We expect that as Cr 2 O 3 concentration increases and enters pyroxene solid solutions, liquids move with the four-phase þ Liq surface towards the spinel-bearing five-phase þ Liq surface in compositional space.
Importance of Na/Ca, Fe/Mg and Cr/Al exchanges between liquid (glass) and coexisting minerals in a complex system
In the following discussion, the new data are examined for evidence of shifts in liquid composition attributable to the Na/Ca, Fe/Mg and Cr/Al 'vectors' defined in the simple system studies.
Six experiments constrain the six-phase cotectic (solidus) at 0·75 GPa for lherzolite with An 80 to An 95 plagioclase, magnesian olivine and chrome^alumina spinel (Fig. 13) . The six experiments (M85, M86, M87 and M96, M97, M98) are from two of the 3-in-1 capsules nominally run at 108C difference in temperature. The relative plotting positions of these liquid compositions should be interpretable in terms of Na vs Ca, Mg vs Fe, and Al vs Cr exchanges between the liquid (glass) and coexisting minerals.
M98 and M85 have plagioclase of An 83·2 and An 83·7 respectively, olivine and pyroxenes with Mg# of $92 and $93·5 respectively, and Cr# of spinel of 20·2 and 20·4 respectively. The plotting positions of their glass compositions in the tetrahedral projections are overlapping. M96 and M86 glass compositions also overlap with each other in the tetrahedral plot. They have plagioclase of An 86 and An 84·2 respectively, olivine and pyroxenes of Mg 91^92 , but a different spinel (Cr# ¼ 41) from the previous pair. The shift from the M98^M85 pair position to the M96^M86 Fig. 13 . As for Fig 12, illustrating the text discussion of the causes for the compositional differences between liquids saturated with anorthite-rich plagioclase from two sets of 3-in-1 capsules; that is, three experiments at 12408C (M96^98) and three experiments at 12308C (M85^87) in which the compositions of plagioclase, spinel, pyroxenes and olivine also vary within small ranges. As the temperature difference is within experimental uncertainty, the different liquid compositions should be consistent with the compositional shifts in the coexisting minerals (see text). Symbols as in Fig. 4. pair position is attributable to the slightly more calcic plagioclase, more iron-rich olivine and pyroxenes, and more chrome-rich spinel in the M96^M86 pair; that is, a compositional shift resulting from three small composition vectors materializing the exchanges Na vs Ca, Mg vs Fe, Al vs Cr.
Also, M97 has olivine, pyroxenes and spinel with Mg# and Cr# matching M98. Thus the shift from M97 to M98 glass compositions must be attributed to their markedly different plagioclases (respectively An 93·8 and An 83·2 ). This means that the data 'calibrate' a shift of the pseudo-invariant point owing to 10 mol % An. M87 has Cr# in spinel and Cr# in pyroxenes that are similar to those in M96 and M86. However, M87 is more iron rich and has more calcic plagioclase (An 93·4 compared with An 86 and An 84·2 ). The shift of M87 glass relative to the M96^M86 pair is thus consistent with a resultant from the plagioclase Ca# vector and the olivine and pyroxenes Mg# vector.
Turning to compositions with intermediate plagioclase composition (Fig. 14) They differ from each other only in Mg# in pyroxenes and glass. However, the glass compositions are very different from those in K98 and N56, with much lower Na 2 O contents. M14 does not contain olivine. Although N55 has olivine, it is only at the capsule ends and is separated from the glass-rich area by orthopyroxene. We suggest that despite the glass-rich character of part of the charge, the glass is in equilibrium with a 'gabbroic' (olivine-absent) residue. Therefore both N55 and M14 glasses are inferred to be on the Opx þ Cpx þ Plag þ Sp þ Liq cotectic. Plagioclase is more calcic and spinel more Cr-rich than phases on the five-phase þ Liq cotectic at $12108C. Also, pyroxenes and liquids are more Fe-rich than liquids at the same temperature but on the five-phase þ liquid cotectic. Olivine is absent from M13 glass. Relative to N55 and M14, M13 contains a more sodic plagioclase (An 54 ), glass and pyroxenes with a higher Mg#, and spinel and pyroxenes with a lower Cr#. M13 glass and plagioclase are very similar to those of N56 and K98. The M13 glass plotting position is consistent with the differences in Mg# and Ca# from these experiments. It appears that although olivine is not present, the liquid in M13 has moved very little from the olivine-saturation surface.
At the sodic end, N74, N75 and N76 (3-in-1 capsule experiment) include very similar mineral assemblages with small shifts of glass compositions attributable to Mg# and Ca# vectors as defined in the more calcic compositions (Fig. 15 ). K89 and N75 have very similar plagioclase and spinel. The small K89 shift is attributed to the Fe vector. At a slightly higher temperature, N63 has more calcic plagioclase and more magnesian olivine and pyroxenes but the same spinel Cr# as N76. The shift in glass compositions is consistent with Mg# and particularly Ca# vectors. In N62, glass analyses are abnormally spread. Selection of the group with lowest normative jadeite gives a glass composition consistent with the other compositions. Spinel was not analyzable. On the basis of the lower Cr# in both pyroxenes of N62 relative to N63, we infer that spinel in N62 has lower Cr# than N63 K99 and L43 experiments were single-capsule experiments in AuPd capsules (24 h) and 'olivine in AuPd' capsules (3 days) respectively. As these experiments had only a minor CaO content (from the natural orthopyroxene used in the starting mix) diopside is absent. The liquid no longer lies on the diopside-saturation surface (Fig. 15) . Glass and mineral compositions in the two runs are very similar. In the projection from olivine, they lie on the corundum-normative side of the join Qz(Hy) to (Jd þ CaTs). Spinel in K99 is very Cr-rich. Spinel in L43 was not analyzable. It is inferred that with decreasing CaO contents in orthopyroxene and the absence of clinopyroxene, liquids saturated with Ol þ Opx þ Plag þ Sp would vary with plagioclase from $An 18 to An 0 as CaO content in orthopyroxene decreased from $2·1% (N74N 76) to 0% (Fig. 15) . Harzburgite residues with sodic melts
In Fig. 15 , there are three data points (small open circles) for melt compositions in equilibrium with spinel harzburgite residues; that is, plagioclase and clinopyroxene are absent. One of these (N64 ; Tables 2 and 3) is at the same temperature (11908C) as the five-phase saturated melts of N62 and N63. The absence of both plagioclase and clinopyroxene is due to the much more sodic bulk composition. Similarly, at lower temperature (11608C), layered experiments (L59, L60) have the assemblage of spinel harzburgite residues at a temperature within error of the Ol þ Opx þ Plag þ Sp þ Liq minimum melt of K99 and L43. The analyzed liquid of L59 lies on a trend from the minimum melt in the sodic system controlled by spinel harzburgite residue. Similarly, L60 and N64 experiments have the same bulk composition but are at temperatures $308C apart. Both lie on the spinel harzburgite cotectic, along a vector towards orthopyroxene from a point on the Ol þ Opx þ Plag þ Sp þ Liq cotectic. As the bulk compositions are not calcium free, the orthopyroxenes have Ca contents below that required for clinopyroxene saturation but reflecting the Ca contents of the coexisting melts.
Plagioclase þ spinel lherzolite residues and basaltic to 'trachytic' melts
The experimental data in complex 'natural' compositions demonstrate the compositional variance possible in basaltic compositions at 0·75 GPa. Liquids remain saturated by a five-phase (Ol þ Opx þ Cpx þ Plag þ Sp) lherzolite mineralogy in which the mineral compositions are a close match with those of natural lherzolites. The study brings together two approaches to the determination of lherzolite near-solidus melt compositions. The compositional shifts of melt compositions attributable to addition of components one by one to the CMAS system (the approach to complexity from a well-characterized simple system) can be discerned and at least partially resolved in the new data.
A consequence of this should be an improvement in empirical and thermodynamic modelling, as the data characterize both melt compositions and mineral solid solutions. It demonstrates empirically the limitations that apply to mineral compositions because of coupled reactions among the coexisting phases. Thus referring to the data discussed and to Fig. 6 plotting An(Plag) vs Cr#(spinel), we infer that at 0·75 GPa, if the plagioclase is An 80 to An 95 , the limiting Cr# of spinel on the plagioclase lherzolite solidus is approximately 205Cr#550. A more aluminous spinel (Cr#520) will react with pyroxenes to increase the anorthite content of plagioclase. A more Cr-rich spinel (Cr#50) will react with plagioclase, reducing its An content, to form aluminous spinel and pyroxenes. Considering natural lherzolites at 0·75 GPa, a spinel with Cr#450 will occur in the melting interval in two conditions: either the An content of plagioclase present is below An 80 , or the plagioclase is eliminated and then melt is in equilibrium with Ol þ Opx þ Cpx þ Sp. In that case, the alumina contents (and Cr#) of the pyroxenes track the spinel composition through coupled reactions involving NaCrSi 2 O 6 , Tschermak's silicate and Cr-Tschermak's silicate solid solutions in pyroxenes. At An 0 , spinel does not become Cr 100 because of coupled reactions with chromite and pyroxenes, as noted above. If pressure is decreased, then we expect the limiting spinel compositions that can coexist with An 80 plagioclase at the plagioclase lherzolite solidus to become more Cr-rich. If pressure is increased then the limiting spinel compositions on the plagioclase (An 80 ) lherzolite solidus will become less Cr-rich.
It should be emphasized that cooling of a plagioclase lherzolite below the solidus at 0·75 GPa will also change the spinel, plagioclase and pyroxene solid solutions (Borghini et al., 2010) . The relations illustrated by our experiments are explicitly along the compositionally dependent solidus at 0·75 GPa. normative diopside contents than the experimental liquids and most have higher normative olivine contents. We have not identified any MORB glasses that have compositions complementary to a plagioclase lherzolite residue at 0·75 GPa, and in particular we have not identified liquids of magnesian quartz tholeiite character that match our experimental melts in equilibrium with plagioclase þ spinel lherzolite with plagioclase of An 80^95 .
In seeking evidence supporting the derivation of primitive MORB at low pressures, it is possible that lower pressure (magma chamber) separation of olivine þ plagioclase, with plagioclase dominant in the accumulates, drives derivative liquids away from the plagioclase þ spinel lherzolite (residue) position in the projection from olivine, and away from the plagioclase^olivine join in the projection from diopside. To test this hypothesis, we used the PETROLOG program (Danushevsky, 2001) applied to the N56 liquid composition. Olivine is the predicted liquidus phase at 1atm pressure, joined by plagioclase after $1% olivine crystallization and by clinopyroxene after $5% olivine and $15% plagioclase crystallization. The derivative liquids along this low-pressure fractionation trend diverge from the field of natural glasses towards lower normative olivine compositions (Fig. 16 ). This simple crystal fractionation hypothesis does not reconcile the compositions of the selected MOR glasses with the experimental 0·75 GPa liquids. A further argument against significant plagioclase fractionation in the most primitive MORB is the absence of any negative Eu anomaly (Chalot-Prat, 2005 , and references therein). With respect to the objectives of this study, the experimentally determined liquid compositions that coexist with residual plagioclase þ spinel lherzolites at 0·75 GPa are unlike any liquids yet identified among sampled glass compositions from mid-ocean ridge settings.
As the MORB glass compositions selected have 615Mg#569 and thus are evolved with respect to equilibrium with mantle lherzolite, their relation to more primitive melts would need to be explored using evidence of phenocryst and melt inclusion compositions. This relationship could range from simple olivine precipitation from a more olivine-rich parent magma extracted from a plagioclase-free lherzolite residue at 41GPa to models of crustal magma chamber processes with multiphase crystallization and successive magma chamber replenishment. The two hypotheses could be also combined. In any case, evidence in the mid-oceanic ridge environment for coupling between the eruptive process and mechanical extension parameters (Stakes et al., 1984; Chalot-Prat, 2005 ) is indicative of the existence of shallow magma chambers and related structural and petrological interactions, and not of a shallow depth for the mid-ocean ridge mantle upwelling and magma segregation process.
In addition, referring to interpretations of mantle refertilization processes that produce natural plagioclase þ spinel lherzolites by reactive porous flow into residual high-temperature lherzolite or harzburgite, the experimental data define the compositional path along which the hypothetical invasive basaltic or picritic liquid will evolve as an impregnated residue reacts, cools and progressively crystallizes in the uppermost mantle. End-products (plagioclase þ spinel lherzolites) with plagioclase varying from anorthite to bytownite or labradorite may be investigated as possible magma^residue pairs using the experimental data in this study.
C O N C L U S I O N S
An understanding of mantle melting and MORB petrogenesis builds upon detailed knowledge of not only liquid compositions but also liquidus phase compositions. Given sufficient experimental data encompassing the chemical complexity (six major and four minor oxide components) of natural rocks, experimental and thermodynamic approaches may be integrated to construct predictive models for the covariance of mineral and liquid phase compositions in P,T space. Our study is a contribution to this objective; that is, a detailed examination of the compositions of liquids at the solidus of plagioclase lherzolite at a pressure of 0·75 GPa ($27 km depth equivalent).
Liquids at the plagioclase þ spinel lherzolite solidus are saturated in five phases (olivine, orthopyroxene, clinopyroxene, plagioclase and spinel), all of which are solid solutions in which major and minor components are determined by continuous reactions, including reactions with fictive components in the liquid. The data of Table 3 and binary plots of Figs 4^8 provide information that can be integrated with end-member, simple system data to yield general models of crystal^liquid equilibria.
The major solid solutions that control the liquid composition at the plagioclase þ spinel lherzolite solidus are NaĈ a, Cr^Al and Fe^Mg. The Fe^Mg exchange is of limited petrogenetic significance as the mantle composition is inferred to be relatively constant at $Mg 90 . The experimental data show small effects of Fe^Mg variation, which are consistent with the direction and magnitude defined in the FCMAS system (Gudfinnsson & Presnall, 2000) . The Cr^Al substitution in spinel and pyroxenes has an effect on liquid compositions, also consistent with the composition vector defined in the CrCMAS study (Liu & O'Neill, 2004) . A larger effect is evident in the appearance of spinel as a solidus phase, owing to the addition of Cr to the CMAS, FCMAS or NCMAS systems at 0·75 GPa. Spinel is absent in these simple systems. Its appearance at the solidus produces a new cotectic (five-phase þ Liq) at which the liquid composition for An-rich plagioclase is distinctly more siliceous and lower in normative olivine than the four-phase þ Liq cotectic in CMAS (Fig. 12 ). This is a significant modification to prediction of melt compositions from the end-member systems CMAS, FCMAS, or NCMAS. Indeed, the change in liquid composition is a 'discontinuous' one, not predictable from the spinel-absent systems. A similar conclusion applies to the sodic end of the five-phase þ Liq field, where the liquid at the four-phase þ Liq (clinopyroxene-absent) cotectic is well removed from the limit (at An 18 ) of the five-phase þ Liq cotectic (Figs 11, 12 and 15) . Within the compositional field of the five-phase þ Liq cotectic, the Cr^Al range expressed in the spinel and coexisting pyroxenes compositions is limited by coupled reactions. The Cr^Al range becomes smaller and more Cr-rich as plagioclase becomes more sodic (Fig. 6b) .
It is expected that in detailed comparisons of coexisting minerals in the experiments and in natural plagioclase lherzolite, the partitioning of Cr/Al and Na/Ca between spinel, plagioclase and pyroxene, and of Na/Ca between plagioclase and liquid will allow P,T determinations, in addition to existing Fe/Mg and pyroxene 'solvus'geothermometers. The integration of the data obtained in this study at the solidus with subsolidus mineral assemblages (e.g. Borghini et al., 2010) should allow improved understanding of the conditions of crystallization of natural plagioclase lherzolites. The detailed mineral compositional data at the plagioclase lherzolite solidus will provide a useful template for comparison with natural plagioclase lherzolite, with a cursory examination showing that natural assemblages (if assumed to have crystallized at 0·75 GPa) must have crystallized at temperatures well below the solidus. Where this is the case, the use of minor or trace element abundances in pyroxenes to constrain hypothetical coexisting liquids is inappropriate without first restoring the subsolidus mineral assemblages to solidus conditions.
The experimental data demonstrate a major role for plagioclase composition in determining the composition of liquids in equilibrium with plagioclase lherzolite. Although there are small compositional shifts of five-phase-saturated liquids with Mg# variation and with Cr# of spinel, these are subordinate to the effects of plagioclase composition. At 0·75 GPa, as plagioclase varies from An 95 to An 18 , liquids vary from quartz-normative basalts, through olivine þ hypersthenenormative basalts (basaltic andesites) to nephelinenormative 'trachytes' with 10 wt % Na 2 O, 60 wt % SiO 2 and 4 wt % MgO. Although examination of particular oxide concentrations, ratios or binary plots may be used for favourable comparison with natural MORB (e.g. high Al 2 O 3 and high CaO/Al 2 O 3 ), the use of normative projections capturing the whole major element composition, and of key mineral and melt partitioning such as Mg# in olivine and pyroxenes and An (Ca#) content of plagioclase, demonstrates the differences between experimental liquids equilibrated with plagioclase þ spinel lherzolite and MORB glasses.
Particular attention is directed to liquid compositions equilibrated with plagioclase lherzolite at 0·75 GPa, $12308C, with plagioclase of An 80 to An 95 (i.e. similar to natural plagioclase lherzolites). These liquids do not match the compositions of natural MORB glasses and provide no support for hypotheses of separation of MORB from residual plagioclase lherzolite (i.e. with 510% melting of fertile lherzolite) at low pressure. We infer that any correlations between parental magma compositions and geodynamic parameters within the plate-tectonics paradigm are created at deeper levels and not at depths around 30 km. Calculation of peridotite partial melting from thermodynamic models of minerals and melts; IV, Adiabatic decompression and
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